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ABSTRACT
Recent paleoenvironmental and geochemical studies indicate that benthic conditions
during Oceanic Anoxic Event II (OAE II) (93.5 Ma) in the Cretaceous Interior Seaway (CIS)
were dysoxic rather than anoxic. In this thesis, dysoxic benthic conditions were tested for by
observing patterns in taphonomic alteration of the calcite portions of inoceramid bivalve shells
during and after OAE II.
Inoceramid valves were extracted from beds that spanned OAE II at the
Cenomanian/Turonian Global Boundary Stratotype Section and Point (GSSP) in Pueblo,
Colorado: beds 62 (Hartland Shale), 72 (Bridge Creek Limestone), and 115 (Bridge Creek
Limestone). Degree of alteration was tallied using categorical data for three taphonomic
characteristics (recrystallization, fragmentation, and partial dissolution) using four categories:
high (> 60%), medium (59 - 30%), low (29 - 11%), and none (< 10%). The expected
taphonomic expression for dysoxic benthic conditions is medium alteration for each taphonomic
characteristic.
Valve calcite taphonomic characteristics from beds deposited during OAE II (Bed 62 and
Bed 72), and after OAE II (Bed 115) were tested for dissimilarities using the Chi-squared test of
independence. Primary and retrial test results indicated a statistically significant similarity in
alteration of calcite among the three beds: P(χ2 > 19.963) = 0.003 (d.f. = 6, α = 0.01, n = 480).
These results match expectations for preservation during dysoxic benthic conditions for the
duration of the CIS OAE II signal.
Trace element data from the Cenomanian/Turonian GSSP verify taphonomic data, and
point to benthic dysoxia through the interval. Thus, both taphonomic and geochemical data
corroborate recent studies that infer that the CIS was dysoxic during OAE II.
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I. INTRODUCTION
The Upper Cretaceous Cenomanian/Turonian Stage Boundary (CTB) is marked by a
global extinction event in which, for marine animals, 26% of genera and 33-53% of species went
extinct (Takahashi, 2005). The CTB Global Boundary Stratotype Section and Point (GSSP) near
Pueblo, Colorado is marked by extinction of ammonoid cephalopods, inoceramid bivalves, and
planktonic foraminifera (Gale et al., 2005; Kennedy et al., 2005). Simultaneous extinction and
turnover of these nektic, benthic, and planktic species, respectively, is thought to be linked to the
global Oceanic Anoxic Event II (OAE II) (Gale et al., 2005; Kennedy et al., 2005).
OAE II is marked by a worldwide positive δ13Corg excursion at 93.5 Ma (≤ 1 myr
duration), which is detected immediately above the CTB at the CTB GSSP (Sageman et al.,
2006). OAE II is thought to have contributed to declining productivity and/or anoxia that
adversely affected the fauna in the Cretaceous Western Interior Seaway (CIS) (Elder, 1989;
Kennedy et al. 2005; Takahshi, 2005). These studies, focusing on taxonomy, stratigraphy, and
geochemistry of the CTB, inferred that paleoenvironmental conditions at the CTB GSSP were
anoxic (0.0 ml of O2/l of H2O [Tyson and Pearson, 1991]). Yet, the degree to which the OAE II
affected the CIS has been under scrutiny in the scientific literature for the last 10 years. The
current argument by Meyers et al. (2001), Ellwood et al. (2008), and others is that dysoxia (2.0 –
0.2 ml of O2/l of H2O [Tyson and Pearson, 1991]) rather than anoxia prevailed in the CIS during
OAE II.
1. Statement of the Purpose
Taphonomic alteration is one valuable data set that has not yet been used to study oxygen
conditions of the paleoenvironment for sediments exposed at the CTB GSSP. The purpose of
this thesis is to test for statistically significant similarities in preservation characteristics of
inoceramid bivalve shell calcite in beds deposited during and after the OAE II signal, and
1

compare those taphonomic data with existing geochemical data (from Ellwood et al., 2008) to
determine benthic oxygenation levels for the CIS through the OAE II signal.
2. Research Approach
Testing for dysoxia will be accomplished by collecting inoceramids from CTB GSSP
shale beds 62, 72, and 115, deposited during (beds 62 and 72) and after (Bed 115) OAE II.
Observations of inoceramid calcite recrystallization, dissolution, and fragmentation will be
weighted into categories of high, medium, low, and none, reflecting the degree of taphonomic
alteration.
Expected expressions of alteration to inoceramid calcite in dysoxic settings include
medium levels of diagenesis (recrystallization and dissolution) and fragmentation. For a
particular bed, counts for each taphonomic character (recrystallization, dissolution, and
fragmentation) for each alteration category (high, medium, low, none) will illustrate the
taphonomic signature of inoceramids imparted by benthic oxygen conditions.
In order to detect dysoxia throughout the section, these category counts will be
statistically compared using the Chi-squared test of independence to test for similar taphonomic
alteration among beds. The null hypothesis (beds 62, 72, and 115 have significantly dissimilar
taphonomies) is expected to be rejected, indicating significantly similar taphonomic signature
among all beds.
Interpretations of the benthic oxygen levels throughout the section will be corroborated
with redox-sensitive trace element (Cu, Cr, Ni, Zn, V, U, and Mo) abundances from Bed 72 at
the CTB GSSP.
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II. PREVIOUS WORK
1. Formation of the Cretaceous Western Interior Seaway
The CIS developed through the interaction of tectonics and eustatic changes in sea level.
During the Cretaceous Period, the continent/continent collision of the Farallon and Kula Plates
with the North American Plate caused the Sevier Orogeny (Shurr et al., 1994). As a result, a
retroarc basin formed to the east of the orogeny, which is the Western Interior Basin of the North
American continent.
Marine inundation of the Western Interior Basin, was controlled mainly by sea-level
changes in the Late Cretaceous (Gale et al., 2008). Gale et al. (2002) postulate that global sea
level at the time was controlled by Milankovitch cyclicity. Evidence from Cretaceous shallowwater basins worldwide show sea-level rise resulted from climate-driven glacioeustacy or
thermal expansion of seawater -- both products of climate forcing by orbital cyclicity (Sageman
et al., 1997; foraminifera studies from Keller et al., 2004). The CIS at its maximum extent
(Figure 1) was 2000 km wide, 500 m deep, and 6000 km long (Bowman and Bralower, 2005).
2. Stratigraphy of CTB GSSP
The GSSP at the Rio Grande Railroad cut near Pueblo Reservoir State Park Recreation
Area near Pueblo, Colorado, USA, is a well-exposed section of Late Cretaceous sediment from
the CIS, and includes a complete record of the Cenomanian/Turonian Boundary (CTB)
(Kennedy et al., 2005; Walaszczyk and Cobban, 2007; Ellwood et al., 2008). In addition, fossils
are well-preserved at the GSSP, and in particular, inoceramids, ammonites, and planktonic
foraminifera have received detailed biostratigraphic treatment (Elder, 1989; Gale et al., 2005).
The Bridge Creek Limestone and Hartland Shale Members of the Upper Cretaceous
Greenhorn Limestone Formation crop out at the Pueblo site. Kennedy et al. (2005) describe the
Hartland Shale as dark grey calcareous shale with thin layers of calcarenite and bentonite.
3

Figure 1. CIS and the CTB GSSP locality about 100 Ma. Heavy lines (light blue) indicate
paleoshorelines at highest sea-level in the Cenomanian. Blue oval indicates the CTB GSSP
location (marked by the x) near Pueblo, Colorado. Modified from Kennedy et al. (2005).
4

Directly above the Hartland Shale lies the Bridge Creek Limestone Member (Figure 2),
which is composed of grey shaley limestones that are interbedded with calcareous shales and
bentonites. The Bridge Creek Limestone Member is 15.8 m thick at the CTB GSSP (Kennedy et
al., 2005).
The CTB is determined to be at the base of bed 86 - a limestone bed in the Bridge Creek
Limestone (Kennedy et al., 2005; Sageman et al., 2006; Ellwood et al., 2008). The CTB is
marked worldwide by a stepwise marine extinction that preferentially affected tropical species
(Elder, 1989; Hart, 1996; Parente et al., 2008). One group, inoceramid bivalves, exhibited a
sudden extinction of Cenomanian species, and a transition to increased diversity and decreased
size of Turonian species (Elder, 1989; Takahshi, 2005). The inoceramids that went extinct were
thought to have been unable to cope with increased sedimentation rates (Elder, 1989). This
increase in sedimentation and concomitant +δ13Corg values is shown to occur in a brief interval
globally above the CTB (Hart 1996; Gale et al., 2005; Kennedy et al., 2005; Kolonic et al., 2005;
Sageman, et al., 2006; Voigt et al., 2007). The Late Cretaceous inoceramid bivalves that were
adjusting to this change in environmental conditions underwent distinct global turnover in the
Turonian (Hilbrecht et al., 1996; Gale et al., 2005; Takahashi, 2005).
3. Oceanic Anoxic Event II
OAE II began, according to Snow et al. (2005), in the Latest Cenomanian and lasted into
the earliest Turonian spanning less than 1 myr from 93 to 94 Ma. At the GSSP, onset of OAE II
precedes deposition of the lowermost bed (Bed 63) of the Bridge Creek Limestone.
3.1 Initiation of OAE II
Snow et al. (2005) argue that OAE II was brought about by volcanic eruptions and
hydrothermal activity associated with rifting and formation of the Caribbean Plateau as a
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Figure 2: Strata of the Pueblo, CO, Bridge Creek Limestone. Modified from Kennedy et al.
(2005).
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short-lived large igneous province (LIP). They show, with analysis of 40Ar/39Ar levels and
magma-sourced distal trace metal abundances (Se, Re, Au, Bi, Cd), that submarine volcanic
activity increased 95 - 87 Ma, and thus could have been a mechanism to trigger OAE II.
Further, Turgeon and Creaser (2008) find an increase in 187Os/188Os, a hydrothermal input
indicator, contemporaneous with the CTB. They conclude that black shales at the CTB show an
osmium signature that is related to a sharp increase in magmatism from the Caribbean Plateau.
Turgeon and Creaser (2008) also relate the magmatic episode to the secondary effect of high
organic carbon burial in black shales (up to 12.5 g/cm3/kyr [Meyers et al., 2005]), a signature of
OAE II, roughly 23 kyr later.
In addition, recurring bentonite beds at the Pueblo site indicate volcanic activity proximal
to the CIS (Sageman et al., 2006). Such regional terrestrial and global marine volcanic activity
would increase nutrient levels in the CIS, which would increase primary productivity (Bralower,
2008) aiding in water stratification, even in this shallow sea. This could be why the OAE II is
expressed on a continental seaway, when it should be predominantly expressed in open ocean
sediments.
3.2 Environmental Effects of OAE II
Based on their geochemical signals, it is expected that each of the events that initiated
OAE II, also would have dramatically altered global paleoenvironmental conditions. In turn,
changing environmental conditions within the CIS as a result of OAE II could greatly affect the
distribution and preservation of inoceramids and other taxa.
The LIP represented by the Caribbean Plateau signifies an immense output of
hydrothermal fluids that would have increased trace metal and sulfide concentrations and
depleted the global ocean, including the CIS, of dissolved oxygen. As a result, marine waters
would have become highly stratified and nutrient rich, resulting in an OAE (Kerr, 2005). At the
7

same time, increased organic production from fertilization by magma-sourced trace metals
occurred. Increased organic production consumed dissolved oxygen and further decreased the
amount of oxygen available to benthic communities (Kerr, 2005). Eventually, the CIS became
toxic due to the sequential events that increased nutrient supply, organic production, and CO2
concentration, which increased speciation in some taxa but led to extinction in others (Snow et
al., 2005).
Hilbrecht et al. (1996) hypothesize that sea-level highstand is one way that productivity
can persist for millennia. They argue that an increase in δ13Corg due to increased productivity
would be possible if terrestrial runoff was a significant nutrient source. Evidence for their
hypothesis is an abundance of arsenic, an element that is a proxy for terrestrial nutrient input, in
OAE II sediments. The highest peak of arsenic in the Portland Core (Portland, Colorado, and
containing the same strata as the CTB GSSP) occurs in Bed 63, which correlates to the highest
sea level in the Cretaceous. As sea level rose, rivers changed course and eroded different
terrestrial regimes that, in turn, continued to deliver nutrients to the CIS (Hilbrecht et al., 1996).
Hilbrecht et al. (1996) stress that this newly sourced nutrient flux into the reservoir would keep
organic productivity high.
At maximum transgression, however, erosion would stall and nutrient flux to the CIS
would cease (Hilbrecht et al., 1996), which caused a decrease in productivity and an increase in
organic matter deposition (preserved in black shales), helping to maintain positive δ13Corg levels
(Sugarman et al., 1999). This part of the transgressive sequence caused the increased toxicity
that drove many planktic and benthic species to extinction.
3.3 Termination of OAE II
The base of Bed 63 marks peak maximum transgression, which would offer the best
potential for water stratification and anoxia. In fact, the highest δ13Corg values in the Pueblo core
8

occur just above Bed 63 (Figure 3), which many researchers infer to signal the end of OAE II
(Sageman et al. 1997; Kennedy et al., 2005; Keller et al., 2004). Other researchers, however,
argue that OAE II lasted into the Turonian because of the continuation of high δ13Corg levels
(Sageman et al. 1997; Kennedy et al., 2005; Keller et al., 2004). Sageman et al. (1997) track the
high δ13Corg levels across the CTB into Bed 89, which they interpret to be the end of OAE II.
Alternatively, Keller et al. (2004) determine the termination of OAE II occurred at the base of
Bed 66. Keller et al. (2004) also recognize another δ13Corg excursion, higher in the section, from
beds 68 to 73.
Several lines of evidence indicate that conditions at the end of OAE II were dysoxic
rather than anoxic in the CIS. For instance, Meyers et al. (2005) use molybdenum to interpret
the behavior of oxygen concentrations in the CIS during OAE II. Molybdenum, being a redoxsensitive trace metal, becomes enriched in high sulfidic conditions (attributed to anoxia) with
low sedimentation rates. Meyers et al. (2005) determine that molybdenum is very low in the
Bridge Creek Limestone, which argues against anoxia. Meyers et al. (2005) conclude that
although there is a large positive δ13Corg excursion, the lack of molybdenum indicates that the
CIS was neither permanently anoxic nor stratified during OAE II.
Additionally, Mort et al. (2007) construct a model for OAE II termination in Cretaceous
basins by tracing different phosphorous species (derived from organic, iron, authigenic, detrital
or reactive compounds) and mass accumulation rates of P in the CIS. Mort et al. (2007) argue
that a decline in authigenic and reactive P accumulation rates, which is observed at the end of
OAE II, should be interpreted as a preservation-driven depositional system that is a result of
increased sediment accumulation rates. These increased rates (up to 12 g·m2·yr during OAE II
on the northwest African Shelf [Kolonic et al., 2005]) sequestered marine organic matter,
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Figure 3: δ13Corg curve for beds bracketing the CTB at the GSSP (Pueblo, CO). Circles are
δ13Corg values for the GSSP. Diamonds are higher resolution δ13Corg values for the same section.
Horizontal dashed lines indicate δ13Corg peaks when correlated to the Eastbourne Section
(Sussex, UK) by first and last occurrences of ammonites in the two sections. Modified from
Kennedy et al. (2005).
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derived from primary productivity, and induced extra CO2 drawdown out of the atmosphere,
which subsequently increased relative O2 concentrations and aridity (Mort et al., 2007).
Consequently, in the latter parts of OAE II, Parente et al. (2008) interpret two plateaus of
δ13Ccarbonate to infer the presence of polar ice. They argue that if glaciation occurred, then ocean
circulation would increase and lead to vertical mixing and upwelling of nutrient rich bottom
waters (causing extinctions of fauna in specialized niches). This increasing ice volume would
trigger regression in the CIS and other seaways, exposing land to the atmosphere. Terrestrial
sediment weathering is known to have an affinity for atmospheric CO2, and as a result substrates
exposed by global regressions removed CO2 from the atmosphere and aided in glaciation
(Parente et al., 2008).
4. Inoceramid Bivalves
Inoceramids found at the CTB GSSP include Inoceramus pictus, Mytiliodes puebloensis,
M. hattini, M. goppelnensis, M. sackensis, and M. kossmati (Elder, 1989; Gale et al., 2005;
Kennedy et al., 2005). Inoceramus pictus is the only inoceramid below the CTB at the GSSP.
The CTB is marked by the extinction of this species as well as first occurrences of multiple
Mytiliodes species.
Inoceramids were particularly specialized at living in low-oxygen settings, in fact
inoceramids were usually a pioneer species in dysoxic Cretaceous basins (Sageman and Bina,
1997; Henderson, 2004). It is believed that some inoceramids would inhabit dysoxic areas to
suspension feed because no other competition was present due to limiting conditions (Elder,
1989; Sageman and Bina, 1997; Henderson, 2004). For this reason, and taking into
consideration that inoceramids were found throughout the CTB GSSP, a simple inoceramid
presence/absence study among beds cannot be used to detect changes in benthic oxygen
conditions (Sageman and Bina, 1997). Therefore, inferring benthic oxygen concentration based
11

on inoceramid taphonomy may be a more suitable method than using their distribution patterns
to describe CIS paleoenvironments.
4.1 Taphonomy
As adults, all inoceramid bivalves have two distinctive shell layers. The outer shell layer
is typically calcite, whereas the inner layer is composed of aragonite. Taphonomic alteration of
inoceramid valves can cause the aragonite and calcite shell layers to separate, and for only the
calcite portion to be preserved. This differential preservation between shell layers leads to
multiple preservation styles and morphologies from the same taxon. For this reason,
inoceramids are known to be difficult to classify taxonomically (Henderson, 2004; Crampton,
2004). However, the taphonomic characteristics of this bivalve, which are often considered a
hindrance to taxonomists, may aid in reconstructing paleoenvironmental conditions.
For example, Best et al. (2007) show that interpreting taphonomic patterns can provide
important paleoenvironmental data (Table 1). Taphonomic processes affecting bioclasts include
bioerosion and diagenetic effects such as recrystallization and dissolution (Henderson, 2004).
Diagenesis is the physical and/or chemical alteration and breakdown of bioclasts after initial
burial. In this thesis, recrystallization includes both crystallization of the shell proper and
precipitation of calcite crusts onto shell surfaces. Dissolution rates and patterns depend on the
chemistry of surrounding marine and pore waters. Bioerosion is boring, gnawing or fragmenting
of shells, and is limited by conditions unfavorable to organismal activity (Allison and Briggs,
1991).
Table 1: Relationship of inoceramid taphonomy type to anoxic and oxic conditions.
Type

Anoxic
None/Low
Low
Low

Recrystallization
Partial Dissolution
Degree of Fragmentation
12

Oxic
High
High
High

Cherns et al. (2008) explain that the time a bioclast spends in the taphonomically active
zone (TAZ) can have a great effect on the degree of chemical taphonomic alteration that it
experiences. The TAZ extends from the sediment/water interface to the base of oxygenated pore
waters in seafloor sediments. Within this zone aerobic bacteria actively oxidize organic matter
producing CO2 as a byproduct. Increased CO2 concentrations increase carbonate dissolution
potential, which is evidenced in the equilibrium equation:
CaCO3 (s) + CO2 (g) + H2O ↔ Ca2+ + HCO3(Visscher and Stoltz, 2005). Alternatively, microbially facilitated dissolution is lessened when
shell accumulations undergo rapid burial in fine sediment so that they move out of the TAZ
quickly. Burying unaltered bioclasts would increase alkalinity (HCO3-) and thus buffer pore
waters (Cherns et al., 2008).
Cherns et al. (2008) note that during a time of anoxia, the TAZ would rise up to, or above
the sediment-water interface. This would place all benthic organisms and their skeletal remains,
including inoceramids, below the TAZ. In such a setting, shell carbonate will have a better
chance of being unaltered.
5. Testing for Taphonomic Alteration in Dysoxic Benthic Environments
In order to test for dysoxia in a supposed anoxic setting, taphonomic characteristics of
inoceramids need to be compared. It is expected that in a dysoxic paleoenvironment there would
be either short-lived alterations of oxic and anoxic conditions, or constant moderate oxygen
levels. As a result, the TAZ will be fairly narrow and may fluctuate as oxygen levels vary.
Therefore, moderate levels of taphonomic alteration would be expected for taphonomic
characters such as recrystallization, partial dissolution, and fragmentation. Consequently, similar
levels of alteration of inoceramid calcite among all beds sampled (during OAE II and after) is
expected if dysoxia prevailed throughout OAE II.
13

Using this method, however, dysoxic and oxic taphonomic alteration signatures cannot be
differentiated. Therefore, especially in beds after OAE II, other observations such as inoceramid
assemblage analyses are needed to reconstruct changes oxygen levels.

14

III. METHODS
The following methods were designed to set up an experimental model to test the
taphonomic similarities of inoceramid valve calcite between beds known to be deposited during
and after OAE II.
1. Field Methods
All sample collecting took place along the Rio Grande Railroad Cut from May 19, 2009
to May 22, 2009. There were three targeted shale beds: Bed 62 (Hartland Shale), Bed 72
(Bridge Creek Limestone), and Bed 115 (Bridge Creek Limestone). Hartland Shale samples
were taken from 1 meter below the contact with Bed 63.
Each shale bed had three extraction sites in order to get the most representative range of
paleoenvironments, taphonomy, and weathering characteristics. Approximately 10 kg of shale
were collected from each extraction site. At each sampling site, latitude/longitude were
recorded using a handheld GPS (Figure 4) and lithology was described.

Figure 4. Pueblo Field Area with extraction sites marked. Site names are marked as: collection
bed # - site replicate #. Ex: B115-1 = bed 115, site 1. N and S = North and South.
15

2. Laboratory Methods
Shale pieces were mechanically separated with a wedge by hand to expose bioclasts.
Extractions were halted after 150 specimens were exposed from each site. Of those, 33
individual valves (as a statistically relevant sample size) were randomly selected as
representative bioclasts for that site. In total, there were ≥ 100 inoceramid valves from each
shale bed chosen for taphonomic analysis.
Procedures for discerning categorical taphonomic characteristics by classifying the degree of
alteration were as follows:
•

Recrystallization represents the proportion of the individual valve that is recrystallized. In
this category, alteration both by recrystallization of the original calcite shell and by
precipitation of calcite onto the shell’s surface are considered, as they both indicate carbonate
dissolution and precipitation. Categories tallied are high (> 60%); medium (59 – 30%); low
(29 – 11%); or none (< 10%).

•

Partial dissolution tracks the amount of calcite remaining for a shell and ranges from entirely
intact to internal/external molds. Categories tallied are the same as for recrystallization.

•

Degree of fragmentation tallies the proportion of a shell or mold that is broken.
Fragmentation is dictated by the amount of fractures running through the shell, or
fragmentation patterns preserved on shell molds. Categories tallied are the same as for
recrystallization.
To assess the degree of weathering of the shales (and inoceramids) collected for this study, a

sample from Bed 62 of the Hartland Shale was prepared for thin section using standard methods.
This sample was compared to three other samples of Bed 62, provided by B. Ellwood and taken
at three CTB localities that differ in the degree of weathering. An unweathered shale was
sampled from Bed 62 in the Portland Core. A minimally weathered shale from outcrop was
16

collected at the CTB GSSP. A moderately to highly weathered shale was taken from a road cut
adjacent to the GSSP railroad cut. This road cut is the section used by Keller et al. (2004) in
their study of the CTB.
3. Statistical Analyses
All statistical analyses were preformed in SAS 9.2. A Chi-squared test of independence
(see equation below) was run for each taphonomic characteristic to determine independence of
proportions of categorical variables (high, medium, low, none) among beds 62, 72, and 115. The
test, therefore, indicates similarities in taphonomic alteration values among beds. Data and
statistical outputs are in the Appendices of this thesis.
The Chi-Squared test of Independence uses a contingency table of expected frequencies
that is derived from a table of observed values by:

Where Expectedrow,column is the expected frequency count of the ith row total from observed
values (nrowi; bed 62, bed 72, or bed 115), the ith column total from observed values (ncolumni;
high, medium, low, or none), and ntotal is the total sample size. The Chi-squared test statistic is
derived from the table of observed values and expected frequencies by:

Where Observedrow,column is the observed value at the ith row variable and ith column variable, and
Expectedrow,column is the expected frequency at the same ith row variable and ith column variable
from the observed values table. The corresponding degrees of freedom (df) are
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IV. RESULTS
1. Lithology
The three shale beds sampled at the CTB GSSP varied lithologically among extraction
sites. The lithologic character of each bed at each site is outlined below.
•

Bed 62 (Hartland Shale; illustrated in Figure 5).
•

B62-1: Beige to very light grey shale, fairly well indurated.

•

B62-2: Dark grey flaky/friable shale spattered with white tufts of calcite with
defined elongate crystalline structures as well as white calcite crusts on some shale
pieces.

•

B62-3N and B62-3S (Figure 5): Light grey, indurated shale. Chalk-white carbonate
crusts, and small circles of platy calcite crystal growth present on some shale pieces.

•

Bed 72 (Bridge Creek Limestone; illustrated in Figure 6)
•

B72-1: Light grey moderately indurated finely laminated flaky shale with prevalent
orange staining (composition undetermined). Some calcite crystal clusters present.

•

B72-2 (Figure 6): Grey indurated (more indurated than at B72-1) finely laminated
shale.

•

B72-3: Light grey fairly well indurated, slightly friable mix of flaky and gritty shale.
Fine layers exhibit orange and red coloration (probably due to pyrite weathering),
indicating localized oxidation.

•

Bed 115 (Bridge Creek Limestone; illustrated in Figure 7)
•

B115-1: Light greyish brown, moderately indurated, flaky shale. Prismatic calcite
crystals found in clusters on some shale pieces. Shale weathers to orange locally
(probably due to pyrite weathering).
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Figure 5. Bed 62-3S along the Rio Grande Railroad at the Pueblo Reservoir. The dashed white
line marks the sampling horizon (1 m below base Bed 63 [arrows]) for Bed 62 samples. The
lower half of the rock pick handle is marked off in 5 cm intervals with red tape. Photo by L.
Anderson.
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Figure 6. Side view (nearly a profile) of Bed 72 along the Rio Grande Railroad Cut at Pueblo
Reservoir. Dashed line indicates shallowly buried Bed 72 horizon. Bar is 15 cm for scale.
Photo by J. Grosskopf.
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Figure 7. Bed 115-2 outcropping at Pueblo Reservoir. Dashed line marks Bed 115 sampling
horizon. Arrows mark prominent bentonite at base of Bed 115. The lower half of the rock pick
handle is marked off in 5 cm intervals with red tape. Photo by L. Anderson.
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•

B115-2 (Figure 7): Light grey in color. White spots of flaky calcite are present on
some pieces.

•

B115-3: Dark grey flaky shale with white spots of flaky calcite (same as B115-2).
Some platy or columnar calcite crystal clusters also present on shale pieces.

2. Bivalve Taphonomy
Taphonomic observations for beds are examined below.
Bed 62: (Table 2; Figure 8) Most bivalves (60%) exhibit low levels of calcite
recrystallization, with fewer showing medium (21%) recrystallization levels. Similarly, most
valves retain their original calcite (55%). Fragmentation was more-or-less evenly distributed
among the high, medium, or low categories (24%; 41%; 30%, respectively).
Some shells exhibit recrystallized calcite in the form of cloudy crystal clusters or white
calcite crusts on bivalve shells (same as observed on the shale pieces). Some bivalves have
calcite crusts below the shell. These crusts are probably remnants of the original aragonite
portion of the shell. One particular bivalve appears to have both aragonite and calcite layers
preserved.
Bed 72: (Table 2; Figure 8) Recrystallization is variable within this bed (29% low, 40%
medium, 29% high). A majority of bivalves in Bed 72 show no partial dissolution (60%).
Proportions of low, medium, and high fragmentation (31%; 36%; 25%, respectively) are moreor-less similar.
Calcite crystal growth on shells exhibits textures that range from sugary to crusty. A
small number of bivalves have opaque white spherical calcite crystals of varying sizes bunched
together in open spaces between ribs, giving the shell surface a cottony cavernous texture. Some
shells are white and have a nacreous/pearlescent layer, indicating that a portion of the aragonitic
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Fragmentation
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9
4
24
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Bed 62
Weight Percent, n = 131
High Med. Low None
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13
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40
11
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2
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8

Bed 72
Weight Percent, n = 101
High Med. Low None

Table 2. Overall Frequencies of Taphonomic Characters for Beds 62, 72, and 115
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Figure 8. Proportions of taphonomic alteration categories (High, Medium, Low, None) in beds
62 (n = 131), 72 (n = 101), and 115 (n = 100). Solid line = Recrystallization, long dash = Partial
Dissolution, short dash = Fragmentation.
24

shell layer remains. Most bivalves have orange staining on and underneath their shell. With
some specimens, no calcite remains and the only sign that a bivalve was present is the orange
stained outline.
Bivalves in Bed 72 exhibit a common fracturing pattern that is distinct from those seen
on bivalves from the other two beds. Termed “microfractures” (See Figure 9), these fractures
form between a series of calcite rhombs. Microfractures may be caused by recrystallization as a
result of calcite-rhomb expansion along the c-axis, which results in separation along lines of
weakness between rhombs.

Figure 9. Microfractures on an inoceramid shell. Highlighted is an individual calcite rhomb, and
microfractures that can propagate between the rhombs.
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Bed 115: (Table 2; Figure 8) Bivalves from Bed 115 are rather well preserved. Shells
here show mostly low recrystallization (40%), and have much of their original calcite remaining
(65%, at low dissolution). Some fragmentation to the shells is of medium or high extent (30%;
31%, respectively), and others have a low degree of fragmentation (23%). Characteristics of
calcite growth on shells in Bed 115 include sugary textures and clusters of platy and spired
calcite crystals. Beneath some shells a white crusty-textured layer of calcite is observed, which
may be recrystallization of the original aragonite shell layer. Bivalves from this bed are much
larger than in previous beds. Mean valve length in Bed 115 ranged from 3 – 5 cm, while the
other beds have valves ranging from 0.5 – 3 cm. The large shells express distinctive
topographies of high ribs and deep folds that are more prone to fragmentation than other portions
of the valve. Fragmented deep folds tend to have calcite crystal clusters in the open spaces.
3. The Influence of Weathering on Taphonomy
To factor out the possibility of outcrop weathering affecting taphonomic characteristics
of inoceramid calcite, thin sections of the Hartland Shale (Bed 62) collected for this study were
examined and compared to three other samples of Bed 62 previously collected by B. Ellwood.
The samples represent different degrees of weathering: no weathering to the Portland Core
sample (Figure 10D), minimal weathering at the GSSP railroad cut sample (Figure 10B), and
moderate to high weathering in the sample from the road cut adjacent to the GSSP section
(Figure 10C). These three samples were used to gauge weathering intensity in Bed 62 shale
samples from this thesis (Figures 10A & 12).
In thin section, the shale used in this thesis exhibited the highest concentration of
reddened minerals (indicating oxidation). The presence of oxidized minerals (Figure 11)
indicates that they have not been leached out due to water infiltration. The abundance of
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Figure 10; Next page. Thin sections of Pueblo Reservoir Bed 62 shales at 40x magnification. A:
sample collected for this thesis (Railroad cut). B: unweathered sample from GSSP site along the
Rio Grande Railroad. C: moderately to highly weathered sample from road cut adjacent to (~ 1
km) GSSP Locality. D: unweathered sample from the Portland Core. Prevalent white open
spaces are planktonic foraminifera chambers. Shale samples illustrated in B-D provided by Dr.
B. Ellwood, all thin sections prepared by R. Young. Interpretation aided by Dr. R. Ferrell.
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Figure 11. Thin section of shale sample from Bed 62 collected for this thesis (100x). Circles indicate pyrite crystals that have not
been oxidized or leached out. Rectangle indicates a cluster of reddened minerals that have been oxidized but have not been leached
out.

reddened minerals in Bed 62 shales from this thesis is less than in the Portland Core, is similar to
that observed in the railroad cut (Figure 12, top) sample, and is greater than seen in the road cut
sample (Figure 13, top). The presence of pyrite is another sign of minimal mineral weathering
for shale used in this thesis (Figure 11).
Furthermore, exceptional preservation of planktonic foraminifera was present in all shale
samples, no matter the weathering state. Therefore, presence of redox-sensitive minerals and
pristine calcite foraminiferal tests from Bed 62 shales used in this thesis indicates that bioclasts
have not undergone significant weathering. Thus, the taphonomic signal recorded in inoceramid
calcite should be primary.
Further evidence for Bed 62 being relatively unweathered comes from a study by Keller
et al. (2004) on bioclast diagenesis in weathered shale samples from the road cut in Pueblo
Reservoir State Park. They separated taphonomic effects from weathering effects using isotopic
signatures of oxygen and carbon. Keller et al. (2004) recognized that low δ18O values, while
exhibiting a correlation between carbon and oxygen isotopes, could reflect late diagenetic
alteration, such as dissolution or recrystallization due to meteoric groundwater penetration.
Although they found this isotopic signature in planktonic foraminifera from road cut samples,
they concluded that only 2‰ of the low δ18O values could account for diagenetic effects to the
test, and the remaining pertained to dominant paleoenvironmental conditions during deposition
(such as salinity).
Another reason Keller et al. (2004) concluded weathering was not a cause of bioclast
alteration is the presence of a cyclical trend in δ18O values. If shales were weathered, then test
calcite would not exhibit a trend because weathering is a localized phenomenon. For the δ18O
values to retain a cyclical pattern, paleoenvironmental conditions rather than weathering or
diagenesis must dominate δ18O values in foraminifera tests.
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Figure 12. Side-by-side comparison of different weathering patterns of Bed 62 shales at 100x
magnification. Top: CTB GSSP collected by Ellwood (unweathered). Bottom: CTB GSSP
collected for this thesis.
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Figure13. Side-by-side comparison of different weathering patterns of Bed 62 shales at 100x
magnification. Top: Road cut (highly weathered). Bottom: CTB GSSP collected for this thesis.
Note the paucity of reddened minerals from the road cut sample compared to shale from this
thesis as well as compared to CTB GSSP shale collected by Ellwood (Figure 12 top).
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Keller et al. (2004) discount weathering in their bed 62 samples (fewest reddened
minerals in thin section), which further supports that weathering had no or minimal effect on
inoceramid bioclasts used in this thesis.
4. Statistical Results
A Chi-squared test of independence among beds 62, 72, and 115, for proportions of
taphonomic characteristics, is displayed in Table 3. The level of significance (α) used for this
experiment is 0.05, d.f. = 6, and sample size (n) is 332. The Chi-squared test was run three times
to test for each taphonomic observation. The hypotheses for these statistical tests:
Null Hypothesis: Beds 62, Bed 72, and Bed 115 are independent (i.e., taphonomic alteration
differs among beds)
Alternate Hypothesis: Beds 62, Bed 72, and Bed 115 are not independent (i.e., taphonomic
alteration is similar among beds)
Table 3. Chi-squared results from Chi-squared test of independence among bed 62, 72, and 115
Observations
Recrystallization
Partial Dissolution
Fragmentation

χ2 value
38.6749
13.4831
11.3279

P value
< 0.0001
0.0360
0.0788

Independence
No
No
Yes

The tests show that recrystallization and partial dissolution are not independent among
the three beds, meaning that the levels of taphonomic alteration are indistinguishable. The
independence of observed fragmentation is suspect, however, as outlined in the Discussion.
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V. DISCUSSION AND INTERPRETATION
1. Statistical Test Interpretation and Retrial
1.1 Statistical Results Interpretation
If the paleoenvironmental conditions in the CIS were dysoxic throughout OAE II, then
beds 62, 72, and 115 would be expected to have statistically similar levels of taphonomic
alteration. Statistical results indicate significant similarities among the three beds for
recrystallization and partial dissolution (Table 3). Unexpectedly, fragmentation showed
independence among the three beds. There are two probable reasons for the independence
observed for fragmentation: 1) interrelationships among taphonomic variables and 2) Statistical
error.
First, recrystallization is related to both fragmentation and calcite dissolution.
Recrystallization results in fragmentation in the particular case of "microfracturing" in which
recrystallization of the original shell material creates zones of weakness between rhombs (the
microfracture). Beyond primary causes for fragmentation (the case of high ribs in Bed 115)
these microfractures contribute to shell fragmentation especially during compaction.
Recrystallization also is related to calcite dissolution. If calcite has undergone so much
dissolution that only a portion of the valve, or a mold of the valve remains, then calcite is less
prone to recrystallize or to be encrusted (from out of solution) due to insufficient shell material
(Allison and Briggs, 1991). Therefore, description of recrystallization alone may be a better way
to tally taphonomic alteration as a proxy for benthic oxygen levels.
A second possible reason for the conflicting results in the analyses is that error occurred
in the statistical test, which can be dealt with by increasing statistical power. Power increases
when the sample size increases, level of significance increases, and categories are refined.
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1.2 Retrial
The likely interrelationships among taphonomic variables and potential lack of statistical
power of initial statistical tests call for an experimental retrial. For this retrial all bivalves that
were extracted for the initial experiment (but not used) from each bed were included: n = 480
(n = 185, 85, and 210 for beds 62, 72, and 115, respectively). Only recrystallization was tallied
in these observations. New parameters were set for recrystallization from patterns that were
noticed in the first experiment. Category weights of none, low, medium, and high were
distinguished as follows (Figure 14):
•

None: sugary texture absent, no calcite growth, original microstructure visible

•

Low: sugary texture present or calcite growths present on shell

•

Medium: sugary texture with calcite growths on surface

•

High: Calcite growths and crusts across whole shell

A Chi-squared test of independence for recrystallization among beds 62, 72, and 115
yielded significant results with P(χ2 > 19.963) = 0.003 (d.f. = 6, α = 0.01, n = 480).
These results from the retrial are consistent with the preliminary test: there is no
significant difference in recrystallization among the three beds (rejection of null hypothesis).
This outcome suggests taphonomic characters of inoceramids are the same during and after
OAE II. In other words, paleoenvironmental conditions were similar for bivalves that lived
during and after the global δ13Corg excursion. This result, therefore, favors the view that CIS
experienced no lower than dysoxic conditions during OAE II. Further, similar taphonomic
alteration of bioclasts in beds 62 and 72 relative to Bed 115 (after OAE II), may indicate that the
benthic conditions during OAE II could have had relatively high oxygen concentrations.
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Figure 14, Next page. Recrystallization categories at varying magnifications. A: High
recrystallization; calcite crusts and growth across a most of the shell (from B63-1). B: Medium
recrystallization; sugary calcite texture on whole shell with spots of calcite crystal growth (from
115-1). C: Low recrystallization; sugary calcite texture across whole shell (from 115-3). D: No
recrystallization; sugary texture or calcite crust absent on most of the shell; rhombs visible (from
63-3N).
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2. Additional Evidence of Dysoxia in the CIS
2.1 Trace Element Abundance Analysis
Taphonomic results were compared with results of trace element analysis to calibrate the
level of oxygenation indicated for degree of alteration present. The trace element analyses of the
CTB GSSP reported by Ellwood et al. (2008) were used for this task. The Ellwood et al. (2008)
dataset, however, spans the section from the base of Bed 63 to Bed 113. Therefore, Bed 72 (1.55
m above Bed 63) is the only bed for which taphonomic and geochemical results can be
compared.
Powell (2009) states that redox-sensitive trace metals such as Cu, Cr, Ni, Zn, V, U, and
Mo will be present in any anoxic environment. Figure 15 shows the frequencies of these redoxsensitive trace metals in the CTB GSSP. There is a scarcity of the redox-sensitive trace metals in
Bed 72, indicating oxidative benthic conditions at this time. Results by Meyers et al. (2001),
introduced earlier in this thesis, show that the paucity of molybdenum indicates high sediment
accumulation rates, less water stratification, and therefore little to no anoxia. Therefore, low
redox sensitive trace metal abundances in Bed 72 indicate the similar taphonomic signatures
among beds reflect dysoxic to oxic conditions. In fact, much of the lower Bridge Creek
Limestone, as reported by Ellwood et al. (2008), has only episodically elevated levels of redoxsensitive metals (Figure 15).
3. Inoceramid Taphonomy as a Result of a Dysoxic Paleoenvironment
Taphonomic alteration is governed by the height of the TAZ in sediment (Cherns et al.,
2008), which could vary in depth during dysoxic conditions. As previously discussed, dysoxia
can be characterized as periods of episodic oxygen-rich and oxygen-poor benthic conditions,
which cause variable displacement of the TAZ. Redox-sensitive trace metal abundance readings,
especially from 0.80 m to 3.15 m, from the CTB GSSP (Figure 15) represent this type of dysoxic
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Figure 15; Next page. Concentrations of redox-sensitive trace metals (in ppm) from the CTB
GSSP. Cu, Cr, Ni, Zn, and V are plotted on the left y-axis. U and Mo are plotted along the right
y-axis. Highlighted in yellow is Bed 72 (1.55 m), whose values are used verify the
recrystallization taphonomic signature. Data from Ellwood et al. (2008).
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conditions. Evidence for intermittent oxic and anoxic conditions is seen on a microscopic scale
by the presence of calcite crusts on recrystallized bioclasts. Calcite crusts will form on shell
surfaces when aerobic conditions first promote the dissolution of calcite, and anoxic conditions
(caused by short-term events like volcanism) then favors precipitation of carbonate in solution
onto calcite valves. Thus, calcite crusts are evidence of secular variability in the depth of the
TAZ.
Dysoxia also may reflect consistent moderate oxygen levels (neither oxygen-poor nor
oxygen-rich). Redox-sensitive trace metal abundances from the CTB GSSP also are consistent
with this type of dysoxia (especially from 0.20 m to 0.80 m and 3.15 m to 4.95 m [and above]).
Moderate oxygen concentrations could have vertically displaced the TAZ to a horizon that aids
in preservation of buried inoceramids. Allison and Briggs (1991) explain and Cherns et al.
(2008) model that bioclast calcite subjected to acidification in slightly oxygenated settings would
undergo diagenesis more readily than in anoxic settings. Therefore, medium levels of
recrystallization of the bioclast calcite indicate that bottom-waters were at least slightly
oxygenated. Alteration was observed in bioclasts that recrystallized with sugary coatings or
greater alteration. Those shells that had a sugary texture, which was an effect of calcite rhombs’
contracting normal to the c-axis giving the rhomb face a dimpled topography, represent the first
stage of recrystallization. Greater recrystallization effects include slight rhomb recrystallization
(which caused microfracturing between rhombs), and full rhomb recrystallization. In every case
of calcite recrystallization the whole shell was affected equally, in other words every part of the
shell was in the same phase of recrystallization (in contrast to encrustation). This pattern of
diagenetic alteration of calcite was governed by a stationary TAZ that was positioned underneath
the bioclast burial horizon. Perfect preservation of bioclasts would be dependent on quickly
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passing through the TAZ, which would be accomplished by high burial rates or sediment
reworking due to storms (Cherns et al., 2008).
To summarize, results indicate that most bioclasts in beds 62, 72, and 115 exhibited
medium levels of recrystallization. Medium recrystallization across bioclasts in all beds
indicates dysoxic benthic conditions throughout the CTB GSSP section. However, these results
neither distinguish variable oxygen conditions from consistent moderate oxygenation levels, nor
do they distinguish dysoxic from oxic settings.
3.1 Decoupling Dysoxia and Oxia in Bed 115
Testing for dysoxia using calcite diagenesis lacked the resolution to distinguish between
dysoxic and oxic (beds 62 and 72 from Bed 115) conditions. This is why Bed 115 bioclasts,
although deposited after OAE II, have taphonomy similar to the other beds. Certainly Bed 115
had higher oxygen concentrations than beds 62 and 72, and evidence for this includes inoceramid
density and size.
Greater bivalve density in Bed 115 compared to beds 62 and 72 is one indication of oxia.
This was so noticeable that it was easily observed during field collection from Bed 115 sites
(recorded in the Results section). Unfortunately there is little literature on inoceramid
abundances in beds during and after anoxic or oxygen-deprived conditions. One study by
Sageman and Birma (1997), which models paleofaunal species abundance in oxic, dysoxic, and
anoxic settings in the Greenhorn Formation, could explain the apparent density observations.
Sageman and Birma (1997) imply that inoceramids would take advantage of open niche settings
(as explained in the Previous Work section), which were sequestered from the effects of
predation and competition. This would allocate a relatively large habitat space per individual
inoceramid. Sageman and Birma (1997) show that as oxygen concentration increases, benthic
diversity increases (infaunal and epifaunal). This affects inoceramid habitat space due to
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competition with emigrating oxygen-dependent fauna. Therefore inoceramids are restricted to
smaller habitat areas and smaller niches to compete with other suspension feeders and
generalists. The presence of denser inoceramid communities in Bed 115 than in beds 62 and 72
could evidence oxia as proposed in the species abundance model by Sageman and Birma (1997).
The Increase in inoceramid sizes from Bed 72 to 115 is another indication of oxic
conditions. Again, the transition in size of bivalves was noticeable enough to be observed in the
field (Figure 16) and is opposite to the general size trend for Cenomanian and Turonaian
inoceramids mentioned in the introduction. Takahashi (2005) studies this size increase of upper
Lower Turonian inoceramids in the Yezo Basin, Japan. They note that small forms are present in
oxygen-deprived beds during and shortly after the CTB, until the upper Lower Turonian when
larger forms are more prevalent. They count size distributions for OAE II and post-OAE II
(upper Lower Turonian) beds and find no bivalves larger than a height (length from umbo to
ventral margin) of 60 mm in the OAE II beds, while ~17% of inoceramids from beds deposited
in the upper Lower Turonian had heights greater than 60 mm. Because the CTB GSSP is not
entirely time-equivalent to the Yezo Basin section, it is difficult to correlate inoceramid size
results from Takahashi (2005) with CTB GSSP strata. Regardless of correlativity, inoceramids
in Bed 115 at the CTB GSSP would be expected to have the same morphological response
(increasing sizes) to oxygen-rich conditions as those in the Yezo Basin upper Lower Turonian
beds.
4. The Influence of OAE II on the CIS
Many scientists have used the δ 13Corg signal for interpreting the paleoenvironmental
conditions during OAE II (Hart 1996; Gale et al., 2005; Kennedy et al., 2005; Kolonic et al.,
2005; Sageman et al., 2006; Voigt et al., 2007). Although they interpret the global δ 13Corg

43

excursion as indicating high primary productivity, organic carbon deposition rates, and burial, it
does not indicate bottom water anoxia for the CIS.

Figure 16. Inoceramids illustrating mean shell sizes between beds 62 and 115. Left: Inoceramid
from B62-?. Right: Inoceramid from B115-?. Centimeter scale.
The current thoughts by Meyers et al. (2001), Ellwood et al. (2008), and others on OAE
II causing dysoxia rather than anoxia in the CIS agrees with the results of this thesis. It is
apparent that the Cretaceous Interior Seaway was not anoxic during Oceanic Anoxic Event II as
evidenced by the taphonomy of inoceramid calcite at the CTB GSSP.
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VI. SUGGESTIONS FOR FUTURE WORK
Further work using taphonomy as a tool to infer benthic oxygen conditions would benefit
reconstructions of the CTB at the GSSP as well as in other basins that exhibit the OAE II signal.
Illustrations of how this thesis project can be expanded include: (1) additional taphonomic
studies at the CTB GSSP to elaborate on the conclusions of this thesis, (2) developing a model to
describe CIS OAE settings in order to understand and make testable predictions about dissolved
oxygen levels, and (3) using similar taphonomic and geochemical experimental methods as a
proxy for benthic oxygenation in contemporaneous CIS sections as well as other Cretaceous
basins.
1. Future Work at the CTB GSSP, Pueblo, CO
Additional types of taphonomic observations for beds at the CTB GSSP could track
paleoenvironmental changes more precisely. For example, Best et al. (2007) show that bioclast
fabrics correlate well to paleoenvironmental conditions. Bioclast fabric describes alignment of
bioclasts (i.e., bivalve shells) within a bed or horizon, and reflects different hydraulic processes
and bioclast concentrations. It is expected that epifaunal filter-feeding bivalves align themselves
to prevailing ocean currents, and when preserved in life position exhibit a unimodal or bimodal
distribution. However, the presence of unimodal or bimodal distributions of bioclasts also can
result from reorientation by currents and waves. Either way, examination of bioclast fabrics
among limestone beds indicate water mixing and therefore oxygenated bottom-waters (Allison
and Briggs, 1991). In the shale beds examined in this thesis, it was not possible to document
bioclast fabrics, but fabrics could be documented in interbedded limestones.
Another way to increase taphonomic resolution is by observing signs of bioturbation.
Presence or absence of trace fossils and bioturbation correlates with benthic oxygen conditions
(Allison and Briggs, 1991). Anoxic benthic conditions reduce bioturbation and trace fossil
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abundance, and the opposite effect is expected for oxic benthic conditions (Allison and Briggs,
1991). Rodriguez-Tovar et al. (2009) examined ichnofossils on a contemporaneous stratigraphic
section to the CTB GSSP in Spain. Their methods applied to the Pueblo section could be used to
estimate the benthic oxygen conditions.
2. Modeling Anoxia/Dysoxia in the CIS
One model of OAE II in the CIS matches assumptions of dysoxic benthic conditions and
corroborates +δ13C values measured in black shales. Demaison and Moore (1980) illustrate an
ocean with a near-surface anoxic layer that has oxygen-rich bottom waters directly below it
(Figure 17B). They attribute the near-surface anoxic layer to primary productivity of microfauna
fertilized by upwelling of nutrient rich waters. Demaison and Moore (1980) liken “surface-water
anoxic layers” to those that are similar to oceanic anoxic events during global transgressions
(Figure 17B). This is at variance with classic interpretations of anoxia in the CIS Figure 17A,
which reconstructs the seaway like a large lake or silled basin, with water input exceeding
evaporation (e.g., Demaison and Moore, 1980).
Conclusions by Meyers et al. (2001), Ellwood et al. (2008), and this thesis suggest that
the CIS was not a closed basin. As seen in Figure 1, at maximum transgression (base Bed 63)
the CIS connected to what is today the Gulf of Mexico and Arctic Ocean (Bowman and
Bralower, 2005). Expected effects of OAE II in the CIS change when it is viewed as analogous
to an open ocean. The near-surface anoxia model, scaled to an epicontinental seaway, emulates
the CIS more than the closed basin model. Regional geochemical evidence for an ocean-like
response to OAE II for the CIS would validate the open-ocean model.
2.1 Evidence for the Surface-water Anoxia Model
The surface-water anoxia model is justified by conclusions from this thesis, and from
some past studies (most prior to 2005) about OAE II and the CIS. This thesis, based on
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Figure 17. Two anoxic basin models that might reflect oxygen characteristics seen in the CIS at
the GSSP. A: the accepted model of the deep-water anoxia. B: an alternative to model of nearsurface anoxia. Modified from Arthur and Schlanger (1979).
inoceramid taphonomy, established that strict anoxic conditions were non-existent in the CIS.
At the CTB, inoceramids exhibited rapid turnover rates, contemporaneous with extinctions in
ammonites and planktonic foraminifera (Gale et al., 2005; Kennedy et al., 2005). These broad
extinctions that preferentially affected nekton and plankton, rather than the benthic fauna
indicate perturbations of the water column, not the sea floor. This extinction pattern is consistent
with the near-surface anoxia model of Snow et al. (2005). It is assumed that increased dissolved
CO2 concentrations driven by primary production increases seawater acidity in the near-surface
anoxic zone, which inhibited calcite biomineralization and drove calcite biomineralizers (e.g.,
foraminifera and ammonites) to extinction.
Additionally, the near-surface anoxia model explains the strong +δ13Corg excursions
observed in CIS black shales. Microfaunal and microfloral productivity increases in the surfacewater anoxia model by wind-driven nutrient upwelling close to the shoreline (similar to periodic
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anoxia on the Peruvian Shelf) (Demaison and Moore, 1980; Tyson and Pearson, 1991). As
described earlier in this thesis, increasing primary production creates an oxygen-limiting
environment, which could be detrimental to plankton and nekton.
However, the conditions to form the near-surface anoxia model seem impractical for the
Cretaceous. Establishing a near-surface anoxic layer requires increasing the ionic strength of
seawater in order to force soluble oxygen molecules out of solution (Kobilka, 1997). Under
conditions of the highly oxygenated Middle Cretaceous atmosphere (Mort et al., 2007), nearsurface anoxic layers could only form if water salinities were equal to brines. Unfortunately, the
CTB GSSP is lacking geochemical data for salinity proxies (e.g. Na, Ca, SO4, K, Br), but
nevertheless, it is unlikely that waters were that hypersaline. Nevertheless, the near-surface
anoxia model should still be considered viable for the CIS. Oxygenated benthic conditions,
extinctions favoring plankton and nekton, and +δ13Corg all support such a model.
2.2 Testing the Near-surface Anoxia Model
The near-surface anoxia model reconstructs a near-surface anoxic layer that extends from
the shoreline basinwards and tapers out after 100 km. At maximum transgression, the GSSP was
at the geographic center (North-South and East-West) of the CIS (Figure 1). Contemporaneous
strata deposited on the western or eastern margins of the CIS would exhibit a greater anoxic
signal because the anoxic layer would intersect the basin floor there. If Bridge Creek Limestone
units at the CTB GSSP are correlative to strata in these marginal locations, then a similar
taphonomic evaluation to this thesis could be preformed there. Differences in taphonomic
signatures would therefore be expected in beds during OAE II and after OAE II in strata along
the margins of the seaway.
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3. OAE II in Contemporaneous Basins
The CTB GSSP has been compared to contemporaneous high-resolution stratigraphic
sections in basins that exhibit +13Corg excursions (Voigt et al., 2007). Cretaceous basins in
Eastbourne, UK and Halle, Germany, when correlated to Bed 72 at the CTB GSSP (Ellwood et
al. 2010; raw data), show different benthic oxygen conditions. Redox-sensitive trace metal
abundance data for Eastbourne and Halle strata exhibit a gradual decrease followed by a
punctuated drop at the former, and low static levels at the later. Redox-sensitive trace metal
abundance data suggests that OAE II was expressed differently and terminated differently among
Eastbourne, Halle, and Western Interior basins.
In both European sections, benthic oxygen conditions could be reconstructed using
taphonomic signatures of calcite bioclasts (similar to methods used in this thesis). Differences in
taphonomic signatures among the European sections and the Pueblo section would imply that the
basins reacted differently to OAE II. This result would change how OAE II, OAEs in general,
and other global perturbations are viewed and studied on epicontinental seas. Conversely,
similar taphonomic signatures among all three sections would imply that global events, such as
OAEs, reproduce similar, but not exactly the same responses worldwide.

49

VII. CONCLUSIONS
•

Inoceramid bivalves in Cretaceous Interior Seaway (CIS) strata at the
Cenomanian/Turonian Boundary (CTB) Global Boundary Stratotype Section and Point
(GSSP) from beds 62, 72, and 115 are significantly similar in taphonomy. The initial
experiment and retrial show that beds 62, 72, and 115 have undergone medium levels of
recrystallization. Statistically similar taphonomies in beds during (beds 62 and 72) and
after (Bed 115) the OAE II signal in the CIS indicate at least dysoxic benthic oxygen
concentrations.

•

Weathering did not cause the similar degrees and types of taphonomic alteration among
beds that were documented in this work. The presence of redox-sensitive minerals,
conclusions by Keller et al. (2004) that their weathered shale samples showed a primary
paleoenvironmental signal, and the association between diagenetic signatures and redoxsensitive trace metal abundances supports interpretations based on observed taphonomic
signatures.

•

The diagenetic signature of bivalves in the Pueblo section illustrates the relation between
calcite preservation and benthic oxygen conditions (as an effect of the depth of the
Taphonomically Active Zone [TAZ]).

•

Based on the highest frequencies of medium recrystallization, lack of aragonite layers,
declines in redox-sensitive trace metal abundances in Bed 72, and variable redoxsensitive trace metal abundances throughout the CTB GSSP, it can be concluded that
benthic oxygen conditions in the CIS during Oceanic Anoxic Event II (OAE II) were
dysoxic to oxic.
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•

Decoupling oxia from dysoxia using observations of inoceramid density and size
supports that Bed 115 was well-oxygenated, which enhances the description of benthic
oxygen concentrations.

•

Increasing taphonomic resolution at the CTB GSSP may be accomplished by studying
more beds and observing more taphonomic characteristics. Such data can be used to test
the dysoxic CIS hypothesis.

•

Understanding how OAE II affected oxygen concentrations in the CIS will advance
studies of the CIS, in other basins that record an OAE II signal, and for other OAEs that
occurred in the geologic record.
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APPENDIX A: COUNT DATA
Table A1. Bed 62 taphonomic character counts for recrystallization, calcite remaining, and
fragmentation. Reported is the number of bioclasts by taphonomic characteristic for each
category of high, medium, low, and none at Bed 62 sites. Calcite remaining is the opposite
weight of partial dissolution (the term and values used in the body of this thesis).

B62-1
H
M
L
N

3
8
17
6
B62-1

H
M
L
N

23
8
3
0
B62-1

H
M
L
N

13
12
7
2

Bed 62
Recrystallization
B62-2
B62-3N B62-3S
5
2
2
3
4
12
18
26
18
6
1
0
Calcite Remaning
B62-2
B62-3N B62-3S
15
20
14
13
9
10
2
3
6
2
1
2
Fragmentation
B62-2
B62-3N B62-3S
13
3
2
6
18
15
9
9
14
4
0
1
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Table A2. Bed 72 taphonomic character counts for recrystallization, calcite remaining, and
fragmentation. Reported is the number of bioclasts by taphonomic characteristic for each
category of high (H), medium (M), low (L), and none (N) at Bed 72 sites. Calcite remaining is
the opposite weight of partial dissolution (the term and values used in the body of this thesis).

H
M
L
N

H
M
L
N

H
M
L
N

Bed 72
Recrystallization
B72-1 B72-2 B72-3
9
9
11
16
17
8
9
8
12
1
0
1
Calcite Remaning
B72-1 B72-2 B72-3
26
18
16
5
6
5
3
3
8
1
7
3
Fragmentation
B72-1 B72-2 B72-3
12
6
7
10
16
11
11
10
10
2
2
4
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Table A3. Bed 115 taphonomic character counts for recrystallization, calcite remaining, and
fragmentation. Reported is the number of bioclasts by taphonomic characteristic for each
category of high, medium, low, and none at Bed 115 sites. Calcite remaining is the opposite
weight of partial dissolution (the term and values used in the body of this thesis).

H
M
L
N

H
M
L
N

H
M
L
N

Bed 115
Recrystallization
B115-1
B115-2
B115-3
7
5
13
12
11
15
2
2
Calcite Remaning
B115-1
B115-2
B115-3
23
19
3
11
5
2
2
2
Fragmentation
B115-1
B115-2
B115-3
7
15
10
8
9
8
7
3
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8
7
14
4

23
9
1
0

9
12
6
6

Table A4. Bed 62, 72, and 115 taphonomic character count totals for recrystallization, calcite
remaining, and fragmentation. Reported is the number of bioclasts by taphonomic characteristic
for each category of high, medium, low, and none at beds 62, 72, and 115. Calcite remaining is
the opposite weight of partial dissolution (the term and values used in the body of this thesis).

H
M
L
N

H
M
L
N

H
M
L
N

Bed 62 Totals, n = 131
Recrystallization Calcite Remaining
12
72
27
40
79
14
13
5
Bed 72 Totals, n = 101
Recrystallization Calcite Remaining
29
60
41
16
29
11
2
14
Bed 115 Totals, n = 100
Recrystallization Calcite Remaining
20
65
32
23
40
8
8
4

59

Fragmentation
32
53
39
7
Fragmentation
25
37
31
18
Fragmentation
31
30
23
16

APPENDIX B: RETRIAL COUNT DATA
Table B1. Beds 62, 72, and 115 retrial counts for recrystallization. Reported is the number of
recrystallized bioclasts for each category of high (H), medium (M), low (L), and none (N) at bed
62, 72, and 115.

H
M
L
N

Retrial Totals, n = 480
Bed 62
Bed 72
Bed 115
26
13
19
92
25
82
48
35
91
19
12
18
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APPENDIX C: STATISTICAL OUTPUT FOR INITIAL TEST AND RETRIAL
Chi-Squared Test of Independence Bed s 62, 72, 115
Chi Sq Test Recrystallization 62, 72, & 115
The FREQ Procedure
Table of bed by wt
bed
wt
Frequency
‚
Expected
‚
Cell Chi-Square‚
Percent
‚
Row Pct
‚
Col Pct
‚H
‚L
‚M
‚N
‚ Total
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
115
‚
20 ‚
40 ‚
32 ‚
8 ‚
100
‚ 18.373 ‚ 44.578 ‚ 30.12 ‚ 6.9277 ‚
‚ 0.144 ‚ 0.4702 ‚ 0.1173 ‚ 0.166 ‚
‚
6.02 ‚ 12.05 ‚
9.64 ‚
2.41 ‚ 30.12
‚ 20.00 ‚ 40.00 ‚ 32.00 ‚
8.00 ‚
‚ 32.79 ‚ 27.03 ‚ 32.00 ‚ 34.78 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
62
‚
12 ‚
79 ‚
27 ‚
13 ‚
131
‚ 24.069 ‚ 58.398 ‚ 39.458 ‚ 9.0753 ‚
‚ 6.052 ‚ 7.2684 ‚ 3.9333 ‚ 1.6973 ‚
‚
3.61 ‚ 23.80 ‚
8.13 ‚
3.92 ‚ 39.46
‚
9.16 ‚ 60.31 ‚ 20.61 ‚
9.92 ‚
‚ 19.67 ‚ 53.38 ‚ 27.00 ‚ 56.52 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
72
‚
29 ‚
29 ‚
41 ‚
2 ‚
101
‚ 18.557 ‚ 45.024 ‚ 30.422 ‚ 6.997 ‚
‚ 5.8765 ‚ 5.703 ‚ 3.6783 ‚ 3.5687 ‚
‚
8.73 ‚
8.73 ‚ 12.35 ‚
0.60 ‚ 30.42
‚ 28.71 ‚ 28.71 ‚ 40.59 ‚
1.98 ‚
‚ 47.54 ‚ 19.59 ‚ 41.00 ‚
8.70 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
Total
61
148
100
23
332
18.37
44.58
30.12
6.93
100.00
Chi Squared Test of Independence Bed s 62, 72, 115
Chi Sq Test Recrystallization 62, 72, & 115
The FREQ Procedure
Statistics for Table of bed by wt
Statistic
DF
Value
Prob
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲ
Chi-Square
6
38.6749
<.0001
Likelihood Ratio Chi-Square
6
40.6353
<.0001
Mantel-Haenszel Chi-Square
1
1.0697
0.3010
Phi Coefficient
0.3413
Contingency Coefficient
0.3230
Cramer's V
0.2413
Sample Size = 332
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Chi-Squared Test of Independence Bed s 62, 72, 115
Chi Sq Test Partial Dissolution 62, 72, & 115
The FREQ Procedure
Table of bed2 by wt2
bed2
wt2
Frequency
‚
Expected
‚
Cell Chi-Square‚
Percent
‚
Row Pct
‚
Col Pct
‚H
‚L
‚M
‚N
‚ Total
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
115
‚
65 ‚
8 ‚
23 ‚
4 ‚
100
‚ 59.337 ‚ 10.843 ‚ 23.795 ‚ 6.0241 ‚
‚ 0.5404 ‚ 0.7456 ‚ 0.0266 ‚ 0.6801 ‚
‚ 19.58 ‚
2.41 ‚
6.93 ‚
1.20 ‚ 30.12
‚ 65.00 ‚
8.00 ‚ 23.00 ‚
4.00 ‚
‚ 32.99 ‚ 22.22 ‚ 29.11 ‚ 20.00 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
62
‚
72 ‚
14 ‚
40 ‚
5 ‚
131
‚ 77.732 ‚ 14.205 ‚ 31.172 ‚ 7.8916 ‚
‚ 0.4227 ‚ 0.003 ‚ 2.5003 ‚ 1.0595 ‚
‚ 21.69 ‚
4.22 ‚ 12.05 ‚
1.51 ‚ 39.46
‚ 54.96 ‚ 10.69 ‚ 30.53 ‚
3.82 ‚
‚ 36.55 ‚ 38.89 ‚ 50.63 ‚ 25.00 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
72
‚
60 ‚
14 ‚
16 ‚
11 ‚
101
‚ 59.931 ‚ 10.952 ‚ 24.033 ‚ 6.0843 ‚
‚ 0.0001 ‚ 0.8484 ‚ 2.6851 ‚ 3.9715 ‚
‚ 18.07 ‚
4.22 ‚
4.82 ‚
3.31 ‚ 30.42
‚ 59.41 ‚ 13.86 ‚ 15.84 ‚ 10.89 ‚
‚ 30.46 ‚ 38.89 ‚ 20.25 ‚ 55.00 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
Total
197
36
79
20
332
59.34
10.84
23.80
6.02
100.00
Chi Squared Test of Independence Bed s 62, 72, 115
Chi Sq Test Partial Dissolution 62, 72, & 115
The FREQ Procedure
Statistics for Table of bed2 by wt2
Statistic
DF
Value
Prob
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲ
Chi-Square
6
13.4831
0.0360
Likelihood Ratio Chi-Square
6
13.1161
0.0412
Mantel-Haenszel Chi-Square
1
0.7300
0.3929
Phi Coefficient
0.2015
Contingency Coefficient
0.1976
Cramer's V
0.1425
Sample Size = 332
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Chi-Squared Test of Independence Bed s 62, 72, 115
Chi Sq Test Fragmentation 62, 72, & 115
The FREQ Procedure
Table of bed3 by wt3
bed3
wt3
Frequency
‚
Expected
‚
Cell Chi-Square‚
Percent
‚
Row Pct
‚
Col Pct
‚H
‚L
‚M
‚N
‚ Total
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
115
‚
31 ‚
23 ‚
30 ‚
16 ‚
100
‚ 26.506 ‚ 28.012 ‚ 36.145 ‚ 9.3373 ‚
‚ 0.7619 ‚ 0.8968 ‚ 1.0446 ‚ 4.7541 ‚
‚
9.34 ‚
6.93 ‚
9.04 ‚
4.82 ‚ 30.12
‚ 31.00 ‚ 23.00 ‚ 30.00 ‚ 16.00 ‚
‚ 35.23 ‚ 24.73 ‚ 25.00 ‚ 51.61 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
62
‚
32 ‚
39 ‚
53 ‚
7 ‚
131
‚ 34.723 ‚ 36.696 ‚ 47.349 ‚ 12.232 ‚
‚ 0.2135 ‚ 0.1447 ‚ 0.6743 ‚ 2.2378 ‚
‚
9.64 ‚ 11.75 ‚ 15.96 ‚
2.11 ‚ 39.46
‚ 24.43 ‚ 29.77 ‚ 40.46 ‚
5.34 ‚
‚ 36.36 ‚ 41.94 ‚ 44.17 ‚ 22.58 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
72
‚
25 ‚
31 ‚
37 ‚
8 ‚
101
‚ 26.771 ‚ 28.292 ‚ 36.506 ‚ 9.4307 ‚
‚ 0.1172 ‚ 0.2592 ‚ 0.0067 ‚ 0.2171 ‚
‚
7.53 ‚
9.34 ‚ 11.14 ‚
2.41 ‚ 30.42
‚ 24.75 ‚ 30.69 ‚ 36.63 ‚
7.92 ‚
‚ 28.41 ‚ 33.33 ‚ 30.83 ‚ 25.81 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
Total
88
93
120
31
332
26.51
28.01
36.14
9.34
100.00
Chi Squared Test of Independence Bed s 62, 72, 115
Chi Sq Test Fragmentation 62, 72, & 115
The FREQ Procedure
Statistics for Table of bed3 by wt3
Statistic
DF
Value
Prob
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲ
Chi-Square
6
11.3279
0.0788
Likelihood Ratio Chi-Square
6
10.9627
0.0895
Mantel-Haenszel Chi-Square
1
0.0581
0.8095
Phi Coefficient
0.1847
Contingency Coefficient
0.1816
Cramer's V
0.1306
Sample Size = 332
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Retrial Chi-Squared Test
Chi-Squared Test of Independence for Recrystallization
The FREQ Procedure
Table of bed by weight
bed
weight
Frequency
‚
Expected
‚
Cell Chi-Square‚
Percent
‚
Row Pct
‚
Col Pct
‚H
‚L
‚M
‚N
‚ Total
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
115
‚
19 ‚
91 ‚
82 ‚
18 ‚
210
‚ 25.375 ‚ 76.125 ‚ 87.063 ‚ 21.438 ‚
‚ 1.6016 ‚ 2.9066 ‚ 0.2944 ‚ 0.5512 ‚
‚
3.96 ‚ 18.96 ‚ 17.08 ‚
3.75 ‚ 43.75
‚
9.05 ‚ 43.33 ‚ 39.05 ‚
8.57 ‚
‚ 32.76 ‚ 52.30 ‚ 41.21 ‚ 36.73 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
62
‚
26 ‚
48 ‚
92 ‚
19 ‚
185
‚ 22.354 ‚ 67.063 ‚ 76.698 ‚ 18.885 ‚
‚ 0.5946 ‚ 5.4185 ‚ 3.0529 ‚ 0.0007 ‚
‚
5.42 ‚ 10.00 ‚ 19.17 ‚
3.96 ‚ 38.54
‚ 14.05 ‚ 25.95 ‚ 49.73 ‚ 10.27 ‚
‚ 44.83 ‚ 27.59 ‚ 46.23 ‚ 38.78 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
72
‚
13 ‚
35 ‚
25 ‚
12 ‚
85
‚ 10.271 ‚ 30.813 ‚ 35.24 ‚ 8.6771 ‚
‚ 0.7252 ‚ 0.5691 ‚ 2.9753 ‚ 1.2725 ‚
‚
2.71 ‚
7.29 ‚
5.21 ‚
2.50 ‚ 17.71
‚ 15.29 ‚ 41.18 ‚ 29.41 ‚ 14.12 ‚
‚ 22.41 ‚ 20.11 ‚ 12.56 ‚ 24.49 ‚
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆŲŲŲŲŲŲŲŲˆ
Total
58
174
199
49
480
12.08
36.25
41.46
10.21
100.00
Retrial ChiSquared Test
Chi-squared Test of Independence for Recrystallization
The FREQ Procedure
Statistics for Table of bed by weight
Statistic
DF
Value
Prob
ŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲŲ
Chi-Square
6
19.9627
0.0028
Likelihood Ratio Chi-Square
6
20.4899
0.0023
Mantel-Haenszel Chi-Square
1
0.0032
0.9552
Phi Coefficient
0.2039
Contingency Coefficient
0.1998
Cramer's V
0.1442
Sample Size = 480
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programs. He discovered the field of paleontology in fifth grade when he found fossils in the
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Jacob was accepted to Louisiana State University Graduate School, and enrolled in the
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Assistantships. Apart from teaching introductory paleontology labs, Jacob assisted Dr. Laurie
Anderson in the summers of 2008 and 2009 at the LSU Freshman Summer Field Camp in
Colorado Springs, Colorado.
Upon his graduation in May of 2010, Jacob will take part in a summer-long field
paleontology program at Dinosaur National Monument through Geological Societies of America.
Jacob plans on continuing his education in paleontology in the future.
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